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ABSTRACT
This research investigated both cognitive and affective influences of alternative
color combinations in a search task paradigm. The effects of re-mapping the existing,
comparatively arbitrarily color codes of baggage X-ray images, were explored.
Alternative color-codes were evaluated for improving the economy of visual search in
X-ray baggage screening. Using a 2 x 2 between-groups design, the perceptual
aspects of color-codes varying in degree of visual agreeability (accordant or discordant)
and color contrast (high or low) were examined in terms of effectiveness (detection
accuracy) and efficiency (reaction time). Three hypotheses were put forth; two
postulated main effects for color contrast and for visual agreeability, and a third
postulated an interaction. Additionally, for comparison purposes, a fifth group of
participants was presented with a stimulus condition that represented the current
industry standard for colorizing X-ray images.
Out of 100 volunteers, data were usable for 95 participants who had been
randomly assigned to one of five conditions. All participants were exposed to the same
screening task. The screening task required participants to view 153 X-ray images in
random order. Of these images, 36 contained a single threat item (knife, scissor, gun)
among clutter. Analyses of variance revealed significant differences between conditions
with respect to detection accuracy. Implications are that high-color contrast improves
detection accuracy; specifically with respect to correct rejections, and that this effect on
performance can be moderated by psycho-emotional mechanisms. Specifically, the
impact of color-contrast was significantly more pronounced under conditions of
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accordant color combinations. Theoretical underpinnings and applications to other
domains are discussed.
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INTRODUCTION

In the interest of national security, the Transportation Security Administration
(TSA) has tasked selected laboratories to identify and investigate various
psychophysical issues that surround the critical task of X-ray security screening. The
significance of this research is based on the reasoning that examining and manipulating
fundamental perceptual relationships can achieve a better understanding of the
screening task. In the empirical study reported here, varying color combinations, which
differed on dimensions of color contrast and visual agreeability, were investigated to
determine their influence on specific search task performance. The knowledge gained
from a clarification of these basic associations is discussed in both practical and
theoretical terms.
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BACKGROUND
The technical objective of this research was to empirically evaluate how the use
of alternative color-codes affects detection performance with baggage X-ray images.
The experience and interpretation of visual information, particularly images infused with
color, is believed to be influenced by both psychophysical and psycho-emotional
factors. Emerging evidence suggests that human color perception is a function of both
physical properties (e.g., color contrast, stimulus surface reflectance), and world
knowledge. This dual aspect of color has recently been examined by Bruce MacLennan
(2003) who concluded that color has many optical properties, and should therefore be
understood with broad meaning, embracing its full phenomenology, rather than reducing
color to simple physical property.
Due to the complex nature of color, the goal here was to understand to what
degree the implementation of alternative color combinations, based on both cognitive
and affective influences, could influence a screener’s efficiency (response time) and
detection effectiveness (accuracy). In order to achieve this technical objective, the
study was organized in the following manner: First, an overview discussion was offered
with a problem definition detailing search task performance. Second, perceiver and
stimuli characteristics were identified for bag-screening environments. Third,
manipulated constructs were defined and performance metrics were discussed. Then,
an empirical study was conducted whose results are reported here. Lastly, a discussion
section explores the implication of findings on both practical and theoretical grounds.
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Problem Definition
The study of what affects performance in X-ray baggage screening is merited
because nations depend on the reliability of the airline industry with its ability to insure
safe and secure travel. The commercial airline industry plays an integral role in
coordinating goods and services in today’s global economy. Each year, hundreds of
millions of people use various types of aircraft to travel around the world. Cargo, from
newspapers to car parts to perishable goods, such as flowers, also is transported by air.
Thus, aviation is a critical component of the world today.
The national and international flow of passengers and cargo depends on the
safety and security of the civil aviation system. Yet, the system has inherent
weaknesses. Aircraft in flight, by their very nature and design, are extremely vulnerable
to violent acts and present an attractive target for terrorists, where the objective is to
inflict mass casualties and/or panic. Due to this vulnerability, strict measures need to be
taken to guard against illicit materials getting on-board. Experts agree that one of the
most effective ways of preventing prohibited items from getting onto aircraft is through
effective X-ray baggage screening (Maguire, McClumpha, & Tatlock, 2002). However,
these security measures are not altogether fail-safe, as sophisticated X-ray systems are
only as effective as the operators who use them. Periodically, weapons are able to get
through the system undetected with potentially devastating consequences. Thus, there
has been renewed interest in evaluating the underlying mechanisms that comprise the
X-ray screener’s training process and operational practices.
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There is reason to believe that current X-ray screening practices may be
inadequate. Recent studies have shown that over 50% of knives and simulated
explosives and 30% of guns may go undetected (Sullum, 2002). Similar failures have
been reported by journalists who periodically fly around the nation and “test” the system
in order to publicize security weaknesses. Consequently, the rationale behind
investigating perceptual processes is driven by the need to explain why detection
inconsistencies continue to surface among screeners. Responsible parties within the
government have acknowledged these problems and would like to understand why they
occur (Miller, 2003). Furthermore, as a result of tragic terrorist events,
countermeasures have been enacted by the TSA. This agency has encouraged
selected laboratories to research identified security topics.
The current investigation is a follow-up effort based on a previous research
initiative that heuristically assessed, from a human factors perspective, the current color
codes in dual- and multi-energy X-ray machines used in airport baggage screening
(Jentsch, Hilscher, Fiore, & Hoeft, 2003). While these researchers concluded that the
current color arrangement did not violate major human factors standards or heuristic
practices, they also ceded the possibility of performance improvements gains with
alternative color combinations. The study reported here was motivated by this
assessment.
Overview of the X-ray Screener Task
Airport security practices require that baggage screeners rapidly engage in a
careful visual scan of X-ray images. This activity can be considered within the
framework of a signal detection task, as screeners have to make decisions about the
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presence of threatening items without an accurate knowledge of whether the bags,
indeed, contain a threat. Further, due to the relative infrequency of genuine threats in
the multitude of bags screened, X-ray screening is similar to other signal-detection
tasks. Most of the time, bags are “cleared” as not containing a threat. Additionally,
sustained attention is required for the repetitive assessment of diverse and complex Xray images, which makes X-ray baggage screening a vigilance task as well. This is a
difficult task, for individuals must vigorously scan for a variety of illicit items in a sea of
distracting yet non-threatening items. Within each image, the baggage inspector
usually has about 6 seconds to decide whether a piece of luggage is safe or not
(Pasman, 1997).
X-ray Images and Pattern Recognition
Each X-ray image presents a unique constellation of stimulus elements that is
highly divergent in composition and distribution from other images. The screening
procedure requires diligent inspection on an image-by-image basis. Further, due to the
X-ray images’ structural composition, the screener is required to make certain mental
transformations and associations. In this context, it is important to point out that X-ray
images differ from photographic visual representation in an important way. The major
difference is that optical images are created by light reflection on the object surface,
whereas X-ray images are formed as a function of the X-rays’ absorption when passing
through a material. Thus, an optical image gives information about the object’s surface,
whereas an X-ray image supplies information about the inner structure of the object. As
Figure 1 illustrates, due to their very nature, X-ray images depict density and are
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considered transparent scenes which lack a certain degree of visual information as
compared to a photograph or picture.

Figure 1. Comparison of optical and X-ray images (Source:
http://www.eee.ntu.ac.uk/research/vision/asobania/atmospheric.htm).

Thus, the screener is faced with scanning only outline properties based on the
object’s material composition. These outline properties are cognitively compared to
familiar patterns stored in the perceiver’s memory, following a pattern recognition
process, to form meaningful identifications. This careful inspection leads to a judgment
decision regarding the threat-level of the bag. Based on what they see, inspectors will
either immediately “flag” a bag with an obvious threat, “clear” the bag as being free of
illicit items, or identify the bag as suspicious, requiring a hand search.
Following a cognitive task analysis of the airport security task, Kaempf, Klinger,
and Hutton (1996) recommended a measurement model involving modification of the
classic dichotomous signal detection theory such that the possible set of options
includes an additional response (see Table 1).
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Table 1.
Screener performance measurement framework (adapted from Kaempf et al., 1996).

State of the World

Detection
Response

Yes
Unsure
No

Threat
Hit
Search with Hit

No Threat
False Alarm
Search with no Hit

Miss

Correct Rejection

Kaempf et al. (1996) noted that an important aspect of this measurement framework is that
it allows for a broader way to consider screener performance and calculate detection
accuracy. That is, although the state of the world is dichotomous (threat/no threat), the
additional cells in Table 1 represent critical distinctions for screener performance in the
operational environment. However, due to practical limitations of the laboratory
environment, for this study, decisions regarding the presence of a threat were restricted to
a dichotomy, with performance being measured by two indices, decision accuracy and
decision speed.
Performance Measures
In the context of baggage screening, the ease of the visual search, and of the
associated decisions, depends primarily on how distinguishable a target is from the
background. These cognitive skills, the ability to deconstruct various patterns and
render a decision regarding the level of hazardousness, were measured in this study in
two ways. Both reaction time (efficiency) and detection accuracy (effectiveness) were
indices which defined performance.
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Reaction Time
As screeners are engaged in the visual search of identifying familiar patterns,
recognition efficiency is reflected in reaction times. We can assume that more
proficient screeners require less time to cognitively process the image. In comparison,
an inefficient search may require more cognitive effort, and consequently, results in
larger reaction times.
Detection Accuracy
Another metric that lends itself to search task quantification is detection
accuracy. As indicated above, performance can be measured with signal detection
theory (SDT). The standard model of SDT can be used to predict human
psychophysical thresholds in visual search (Brogan, 1988). The recent work of
Verghese (2001) continues to validate that SDT has successfully predicted detection
and discrimination in measuring search paradigms. For this investigation, detection
accuracy was comprised of hits, misses, false alarms, and correct rejections. However,
it should be pointed out that hits & misses, and false alarms & correct rejections are
dependent pairs. In operational terms, the implications of misses in baggage screening
results in illicit items getting on-board aircraft, while the consequences of false alarms
are mis-application of screener efforts and a reduction of passenger throughput, plus a
possible increase in screener fatigue.
Taken together, reaction time (efficiency), and detection accuracy
(effectiveness), were the metrics used to measure screener performance on the
manipulated variables of interest. The question arises regarding when, during a typical
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TSA operational shift, any performance benefit would be realized due to alternative
color-codes.
Time Frame
As previously mentioned, by the vary nature of the job, airport baggage
screening is considered to be a vigilance task. Screeners are required to focus their
attention over extended periods in order to detect infrequent events. It can therefore be
expected that a vigilance decrement would occur about 30 minutes into the shift
(Parasuraman, Molloy, & Sigh, 1993). Since vigilance was not the main focus of this
study, the period during which any performance benefits due to implementation of
alternative color-codes would be realized, was expected to fall within the first 15
minutes of the task. Incidentally, shifts for X-ray inspection at airports are limited to
about 30 minutes before the screener is rotated to another job position, for example,
wanding, inspecting documents, etc. Currently, there is no scientific basis to believe
that either color contrast or agreeability effects would measurably shift the on-set of a
vigilance decrement. While the metrics of accuracy and speed may be influenced by
the manipulation of color variables, the length of time that a screener is able to maintain
focus may or may not change with changes in color codes, and was not the focus of the
current investigation.
Summary
To summarize this section, motivation exists for improving airport security, and Xray baggage screening is a repetitive search task. A number of perceptual variables,
and their interaction, are likely influence human pattern recognition and subsequently
the accuracy of this process. Performance measures are defined and lead us to the
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next section, which explores the X-ray screening process from a search task paradigm,
from a perceiver’s perspective.
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Perceiver Characteristics
As stated above, the activity of baggage screening entails the careful inspection
of X-ray images for threatening items - a visual search task. Visual search tasks are
simply those in which someone (i.e., a perceiver) looks for something. However, in this
context, it is the saliency of elementary sensory cues and precise manner of search that
are very important to understand.
The cognitive processes associated with visual search tasks can be decomposed
into four main stages (Taylor, Diethe, Bonner, & Banbury, 1999): (a) perception of the
image, (b) assessment of the contents of that image, (c) a decision as to whether a
threat is present, and (d) action taken as a consequence of the decision. Due to the
nature of the X-ray screening task and where the performance concerns were, the focus
of this investigation was on the first two stages, namely, perception and assessment.
While the assessment stage has been addressed earlier under the decision making
process, the next section focuses on some of the perceptual mechanisms that underlie
how an image is differentiated in a search task.
Perceptual Mechanisms
There has been a long history of attempts to understand how the brain
accomplishes the task of differentiating images. Despite the latest neuro-imaging
technologies, it is still not altogether clear how a person is able to distinguish, for
example, a hair-dryer from a gun. As the work of Herzog and Koch (2004) pointed out,
research over recent decades has taught us that the brain does not, in fact, process a
given scene as a whole. Instead, parts of the brain work independently and in parallel
to process information about various aspects of each figure, including location, form,
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color, and movement. While the mechanisms of action are not fully known, the brain
appears to “segment” a scene into several discrete entities. One of the ways to
disentangle these workings, is to assess images that have been systematically
manipulated on an elemental level. By assessing the influence of certain perceptual
characteristics, such as color combination, one may be able to find clues about the
relevancy of those elements and how they are learned. The process of perceptually
registering a visual scene is postulated to take place in stages, as will be described
next.
Psychophysical Subprocesses
Cognitive psychology submits that human visual perception begins with primitive
information registration. Perceiving a visual scene, at both conscious and subconscious levels, involves the following (Hoffman, 1966):
1. Detection of features (i.e., color)
2. Parsing of the scene so that figures can be identified from the background
3. Grouping of the figures’ parts into single objects
4. Recognition of a pattern
Given this cognitive deconstruction, the current investigation limited the scope of inquiry
to how a visual scene’s features may be affected by the way they are presented
(colorized). That is, does the arrangement of certain visual cues (e.g., color
combinations) influence the way individuals recognize visual information and
subsequently perform? In order to understand these relationships, it is important to
understand the characteristics of the stimuli, a topic discussed next.
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Stimuli Characteristics
The perceptual characteristics under investigation here, explored the role that
color plays in the X-ray screening task. While there are numerous other perceptual
issues pursuant to the screening task, the object characteristic of color appeared
sufficiently complex to merit isolated investigation. The broader issue of color utility in
X-ray screening environments has been heuristically reviewed in a prior effort. The
work of Jentsch et al. (2003) reported a human factors assessment that specifically
questioned if current color choices were adequate in dual- and multi- energy X-ray
machines. Jentsch et al.’s investigation presented a comparison of the current color
coding scheme with a number of human factors guidelines and principles. This
comparison showed that the current color assignments (based on materials’ atomic
weights) of orange for organic materials, yellow-green for non-organics, and blue for
metals, generally adheres to the many, often contradictory, human factors guidelines for
visual display design. However, it should be emphasized that this finding was not clearcut, but rather based on an extrapolation and interpolation of principles and guidelines.
Based on what is known about human vision, display capabilities, and the knowledge
gained from lessons learned with respect to design principles, one can say that current
color arrangements appeared acceptable. That is, the current conventions of color
choices fall within guideline recommendations, and there seem to be no obvious
performance issues that would put their use into question (Jentsch et al.). Then again,
some guidelines are more conclusively backed-up by science, whereas others are not.
Thus, there is sufficient reason to believe that changes in color combinations may affect
search performance. Consequently, further testing was recommended in the initial
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assessment. In response to this challenge, a deconstruction of the most relevant
aspects of color science particular to X-ray baggage screening is detailed below, laying
the groundwork for an applied empirical study.
Color Theory
The science of color and its perception is a vast field, and many aspects of this
topic are either peripheral or not germane to the central issue relevant here.
Comprehensive coverage can be found in introductory and advanced texts on cognitive
neuroscience, physiological psychology, and sensation and perception. However, in
order to assess the viability of alternative color-coding in airport screening machines, it
is important to have a modicum of familiarity with certain aspects of color science within
the contextual task.
In the broadest sense, our theoretical understanding of color takes into account
many abstract conceptual schemas of what color actually is. Mankind has been
exploring the concept of color since antiquity, and the topic is still said to be wrapped in
mystery. Klaus Stomer’s 1999 book, Color Systems in Art and Science, organized over
55 different theories and systems that attempt to capture and explain color’s essence,
yet there is no color theory that is unified or all encompassing. Each theory only offers
a piece of the puzzle. This notion was reflected by Stromer in the following statement:
Color theory has many forms none of which individually explain all
problems…many color systems serve their individual purpose, but they all fail to
provide a general, universally valid arrangement of colors. (p. 7)
For the purposes of this study, two color theories were used. The first was based on
the work of Philipp Otto Runge (1810), who at the beginning of the 19th century
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presented the color sphere. Runge’s theoretical representation suggested that three
unique dimensions are needed to encompass all parameters required to characterize a
color scientifically. These are hue, brightness, and saturation. Further, for the purposes
here, the understanding of color was limited to any aspect of visual sensation that is not
due to spatial or temporal attributes of a light. This was a good working definition
because it recognizes that “color” relevant to the X-ray screener task, is not a property
of light but rather of the brain. Color is clearly a psychophysical phenomenon, which
results from the interaction of light with the nervous system. However, bio-physiological
issues per-se are not explored in this paper. Rather the focus is limited to the way the
sensation of color is processed by the brain. Explored next, is the second color theory
relevant to this investigation - the Red, Green, Blue (RGB) system.
RGB System
Due to its widespread implementation in visual displays [such as televisions,
Cathode Ray Tube (CRT) monitors], the RGB system has been adopted for this study.
This color theory uses the principle of additive color mixing. Additive color mixing is a
strategy that combines light of the primary colors of red, green, and blue, in a way that,
in turn, stimulates any of the three types of the eye's color receptors to produce a
chromatic experience. The RGB system has also developed a variety of color space
models that allow for the straightforward manipulation of color values such as hue,
saturation, and lightness. As shown in Figure 2, one of the more common RGB model
utilities is the color wheel, which organizes colors in a circular geometry. The color
wheel is a set of colors that bear a distinct relationship to each other. For color-set
selection purposes (described later), the relative positions of the colors on the wheel are
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an indication of how they will work together. So, for this study’s purpose, the use of a
color wheel was specified, for it can help in identifying color combinations according to
various categorical groupings (further described subsequently).

Figure 2. Visual (red-green-blue) color wheel.

Taken together, the two aforementioned color theories, then, provided a
framework of understanding which served to organize how colors were manipulated in
the current study. The utility of color with respect to human performance, specifically
perceptual organization, is discussed next.
Color Utility
When an object in the viewing space reflects color, certain perceptual
discriminations are taking place. The level of perceptual discriminations can vary with
respect to color combination, and these have performance implications. Empirical
findings suggest that information displayed on screens can be meaningfully enhanced
with the introduction of color. As Abidi et al. (2002) pointed out, the eye can discern
more details from a colorized image than from a gray image. Additionally, Wiklund and
Dolan (1996) wrote:
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Adjacent colors of differing hue (spectral wavelength composition) and similar
value (lightness versus darkness) create natural borders, whereas adjacent gray
tones are incrementally less effective... As a result, colored elements do not
always need edge demarcation to assure distinctiveness, for example, where
monochrome screens do. In comparison to colored screens, most monochrome
displays are burdened with extra on-screen elements, adding to their visual
complexity. (p. 1)
Furthermore, the research of Wagner, Birt, and Snyder (1996) suggested that the
use of color can be helpful in differentiating classes of information in complex, dense,
and critical displays. Earlier, Christ (1975) cogently argued that color is probably the
most effective, compelling, and attractive method available for coding visual information
on a display. It can be a very useful tool for organizing and segregating complex
information, and can have a profound effect on one’s ability to categorize and search
out certain types of information.
Research supports that color aids in the perceptual organization required for a
visual search. Yeh and Wickens (2001) summarized the benefits of color in visual
search tasks as follows:
The particular benefits of color (and also intensity) coding … are a result of the
nature of preattentive information processing, in which color and intensity
discriminations are made relatively early and automatically in the sequence of
information processing stages (Christ, 1975; Treisman, 1982; Treisman &
Gelade, 1980). Hence unique colors (or intensity differences) in a search field
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have been found to produce relatively automatic detection, sometimes known as
a pop-out effect (Kahneman & Treisman, 1984; Yantis, 1993) (p. 544)
As this research implies, color, as compared to grayscale, can be used to encode or
chunk information items. The question remains open if this benefit holds more true for
certain color combinations than for others.
Summary
To summarize this section, color, as a stimulus characteristic, is an important
perceptual issue to investigate, for it has been shown that, when used properly, the
application of color in certain search tasks can result in performance benefits (Yeh &
Wickens, 2001). In the case of baggage screening, I have argued here that the
implementation of selected color combinations should be theoretically justified based on
their ability to maximize contrast while accounting for any affective influences. These
two constructs will be defined and explored next.
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COLOR CONTRAST AND VISUAL AGREEABILITY
Color Contrast
The issue of creating maximum object conspicuity with color contrast lies at the
heart of this study. Color contrast is concerned with the ways in which two or more
colors interact and influence the appearance of one another. This is important because
the human visual system detects shapes and their detail features mainly due to
contrast. As a matter of course, color contrast can be manipulated using hue,
saturation, or brightness values, alone or in combination. There are several types of
color contrast. These include simultaneous contrast, successive contrast, and color
constancy. However, due to the static nature and material composition of the X-ray
image, this investigation will only concern itself with simultaneous contrast. Particularly,
the technical goal was to study and test sets of three colors simultaneously to achieve
superior color contrast which, in turn, should be beneficial towards accentuating details.
It has been recommended in the work of Thorell and Smith (1990) that to ensure
maximum overall color contrast, one should use combinations of light and dark colors,
spectral extremes, and color complements. Specifically, high hue contrasts can be
achieved with extreme spectral values and complementary colors. High saturation
contrasts can be realized with hues that are most saturated (highest purity) paired with
those least saturated (lowest purity). In addition, high brightness contrasts can be
achieved when using colors that appear most white or brightest next to those least white
or darkest. The result of such manipulations can influence the degree of contrast
perceived and consequently help to define an object’s conspicuity.
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Empirical studies have lent support to the role that contrast enhancement plays
in detection tasks. Callahan (1993) varied luminance and orientation contrast while
studying interference of similar but not identical targets. The experiment involved
targets that varied in both shape and texture. Increasing the luminance difference
between target and field improved performance, whereas varying orientation of the
targets, had no significant effect. Similarly, Steinschneider (1990) conducted a series of
experiments requiring students to choose a target among nearly identical distracters on
a video monitor. Results showed that optimizing the combination of background
luminance and contrast in relation to the size and contrast of the target decreased
search times. Lastly, Barbour and Forsyth (1990) researched effective contrast of
colors in which colored targets were presented against a background of identical
luminance. Without the component of color, the target and the background were
identical, so the speed with which targets were identified was indicative of the effective
contrast of the color. The participants identified targets effectively, with red being the
color with the highest effective contrast.
Summary
Collectively, the studies reviewed above demonstrated that color contrast can be
useful for enhancing visual search performance. In the case of an X-ray baggage
screening task, one would conclude that extremes in hue would be most effective in
emphasizing different categories of data, for the purpose of enhancing discriminant
relevant features. Guidelines, as cited in Jentsch et al. (2003), point out that
complementary colors maximize a discrete appearance. For instance, superimposing
an image on its complementary color background enhances its saturation. This
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technique is useful for enhancing the contrast of images without sacrificing the
brightness contrast necessary to produce the appearance of sharp edges. Since
complementary colors have the effect of maximizing color contrast, it is reasonable to
explore color complements which may yield perceptual discrimination benefits.
Consequently, it was expected that a high-color contrast set would enhance stimuli
relevant features compared to a low-color contrast (non-complementary) color set.
Hypothesis One:
(1a) The use of a high-color contrast set as compared to low-color contrast is
associated with a concomitant decrease in reaction time.
(1b) The use of a high-color contrast set as compared to low-color contrast is
associated with fewer detection errors.
Visual Agreeability -- Subjective Reactions to Color
While the literature clearly supports the hypothesis that color contrast, based on
psychophysical properties, affects the perception and interpretation of images, there
may also be performance implications that are based on subjective reactions to colors
and color combinations. Previous research supports that some colors are recognized
as having greater subjective agreement (Dolsky, 1993). Provided these findings on
color’s agreeability are sufficiently robust, the question remains if subjective agreement
in any way influences performance. More specifically, one may ask whether certain
colors, when combined, harmonize in such a way to facilitate visual search
performance. In order to identify if the perceptual attribute of color combinations can be
influenced by subjective reactions, this relationship has been explored in the following
section.
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To preface this section, it should be noted that a strong theoretical framework
does not currently exist that specifically refers to color’s subjective qualities or
references to aesthetics. As Katz (1999) stated, “unfortunately, despite numerous
advances in color theory that do not make reference to aesthetics, the science of color
preference itself remains a collection of voluminous empirical data coupled with a few
disjoint [sic] principles” (p.1). As a consequence of this condition, the sporadic empirical
studies and heuristic practices that are available, do not offer a unified perspective
regarding colors’ subjective influences. Therefore, the construct of subjective reaction
to color, and performance in a search task, will be indirectly discussed below, through a
number of logical linkages.
First, the topic of color’s affective nature will be discussed by showing that color
can affect mood. Second, the role of mood on performance is addressed where
evidence will be presented that mood can affect performance in tasks similar to X-ray
baggage screening. Third, various heuristic practices that utilize color based on
affective qualities are identified which will show that practitioners have used color in
various fields to improve aesthetics and performance. Lastly, terminology is delineated
which characterizes and restricts the meaning of color’s affective qualities pursuant to
the experimental context. Together, these logical linkages serve to underscore the
relevancy of exploring color’s affective aspects on performance in visual search tasks,
specifically X-ray baggage screening. This will allow specific hypotheses to be
developed about the effects of affective responses to colors on search performance.
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Color’s Affectivity
Colors, in certain circumstances, are believed to possess the ability to affect
emotional reactions. This ability may be explained by a commonly shared
understanding of the qualities individuals assign to the perception of color based on
what the dominant culture tells us certain colors should mean. Thus, while still
subjective in nature, individuals can experience similar emotional reactions to color due
to the modifying influences of common cultural experiences and symbolic factors. It is
through these associations, that color may impart commonly experienced emotionality,
and thus, they are further described next.
As previously discussed, for this investigation, color’s focus was limited to the
way the sensation of color is processed by the brain. For that reason, connotative
meaning is understood to be a perceptual concept whereby individuals associate certain
moods or meanings with particular colors. The genesis of these associations can stem
from tradition (acculturation), nature, and personal experiences. The basis of color’s
affective associations, distinct from color’s physical properties, was articulated by
colorist and art educator Patricia Sloane (1989), as “response to color symbolism is a
response to color preconception, and is a predetermined response based on literary
and psychological ideas about color, rather than a response to the nature of color itself”
(p. 4). If this premise is accurate, the process of developing a symbology for colors
through common associations may be acquired and reflected in such places as culture,
traditions, and the arts.
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The world of art seems to be a natural starting place to make the point that color
is not only a stimulus that individuals perceive, but also one that has the ability to evoke
affect. A few renowned artists have aptly characterized color’s expressive component.
For example, Paul Gauguin can be considered to be one of the first artists to recognize
the emotional power of color. Shlain (1991) contends that, “Paul Gauguin…discovered
by trial and error that color could be used as a silent language to evoke visceral reaction
antecedent to words” (p. 174). Similarly, one of the most compelling statements about
color’s power of expression, and one that is relevant not just to painting, but also to the
use of color in the greater architectural environment, came from Vincent van Gogh, who
stated that color expresses something by itself, as evident in the following.
Let us say I have to paint an autumn landscape with yellow leaves on the trees. If I
see it as a symphony in yellow, does it matter whether the yellow that I use is the
same as the yellow of the leaves? (Van Gogh as cited in Shlain 1991, p.175).
Lastly, Paul Cézanne felt colors were personified ideas, and he emphasized that some
color combinations are experienced as being more fitting than others. Specifically,
Cézanne (as cited in Thorell & Smith, 1990) stated that “The more harmoniously colors
are combined, the more clearly outlines stand out. When color is at its richest, form is
at its fullest” (p.141).
As the artists’ quotes above illustrate, the use of colors, through associated
meanings, may be used as a vehicle to impart affect. This understanding supports the
idea that when humans are exposed to colors, both cognitions and feelings are
activated. This notion is hardly disputed in the world of art; the case, however, is more
elusive in the behavioral sciences. In the latter domain, research delineating color’s
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emotional role has been sporadic, and the findings have been inconsistent.
Nevertheless, there has been some empirical agreement; three studies shall serve as
examples that explore the role of color’s affective component.
First, a study by Gebert (1977) investigated both the psychological and
physiological effects of surrounding colors. In this study, four rooms were colored in
red, yellow, green, or blue, respectively. Gerbert's findings showed that physiological
measurements showed definite and constant results only in the red room. In regard to
psychological effects, however, the results showed agreement between most subjects
as to the mood values and judgments of color. Red and yellow were considered
stimulating; blue and green, calming.
Second, Richard Küller (1976) conducted an experiment on the effects of two
visually opposite environments. For three hours, six men and six women were placed in
two rooms that differed in visual complexity and visual unity. One room was gray and
sterile, the other colorful and diversified. The experiment demonstrated that the coloring
and visual patterning of an interior space can have a profound effect on an
electroencephalogram and pulse rate, as well as on the subjective emotional feeling of
a person, which were lifted in the color-enriched rooms.
Third, the efforts of Levy (1984) concluded that color and emotion are
systematically related. Students who viewed several color swatches tended to
experience different feelings or moods that were consistent and in line with the different
colors. For example, students reported feelings of “cheerfulness” when exposed to
yellows, versus “heaviness” when viewing purples.
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Together, the research findings cited above, and the accounts of reputed artists,
appear to corroborate that color, at least in some circumstances, possesses emotional
and mood characteristics. I argue next that the perceiver’s mood, induced by exposure
to chromatic stimuli, may subsequently influence behavior. This notion is based on
similar effects found in other circumstances.
Effects of Mood on Performance
Perhaps the most fitting explanation of color’s ability to arouse affect, that may
subsequently influence behavior, lies in the mood literature. While this literature does
not directly address performance associated with color’s mood influencing attributes,
the general effect of mood on performance in other tasks are noted to reveal
comparable effects. Thus, in order to bridge the likely effects of color’s affectivity to
performance, the effects of mood in analogous contexts are discussed next.
Social scientists have investigated how being in either a good or bad mood can
make a difference to the way that people respond to social situations. Industrial
psychologists, in particular, suggest that the quality of the environment can have a
direct impact on human behavior. One of the most consistent findings in this area is
what is termed a mood-congruence effect, which occurs when affect tends to influence
judgment and behavior in a direction concordant with its valence. In other words,
people in good moods tend to think and act in a positive manner, whereas people in bad
moods tend to think and act more negatively and pessimistically. It is precisely this
positive thinking outcome, attributable to an agreeable mood, which may have a bearing
on behavior, specifically on performance in a search task. While little research has
investigated the role of affect in search task paradigms, studies in other settings have
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investigated mood-congruence effects and have identified possible theoretical
relationships. What follows, is an outline of some this research.
In the field of environmental psychology, Mehrabian and Russel (1974) examined
the influence of ambient lighting and music on respondents’ pleasure and willingness to
make purchases. Their study identified a mediating effect of mood on consumers’
cognitions and behavior. Specifically, they showed that environments contain stimuli,
such as ambient light and music, that cause changes to people’s internal or organismic
states, which, in turn, cause approach or avoidance responses.
While music and lighting appear to create an environmental affect that influences
behavior, more recent research has explored the role of odors on environmentallyinduced mood states. The work of Chebat and Michon (2003) investigated the impact
of ambient odors on mall shoppers’ emotions, cognition, and spending. Their findings
revealed that ambient scent contributes to the building of a favorable perception of the
mall environment, and indirectly of product quality, noting that non-environmental
factors also mediate consumer spending. From that finding, it can be surmised that
ambient scent cues generate pleasure and arousal, and, in turn, an approach/avoidance
behavior.
In a similar context, the affective influences of visual stimuli in a marketing study
by Belliizzi and Hite (1992) described consumer reactions brought about solely by
manipulating background colors, which was shown to influence a product’s quality
rating. Their findings showed that an identical product was rated more favorably if
background colors were experienced as attractive, suggesting that environmentally
induced moods may influence cognitions.
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The phenomenon of mood effects on performance, has captured the interest of
popular culture lately. In his highly acclaimed book, Emotional Design, Donald Norman
(2004) described the psychology of our response to objects. He suggested that we
perceive objects at a visceral, behavioral, and a reflective level. His book explored the
role that emotion plays in product usability in what can be construed as an agreeabilityeffect. While he ceded the point that, on a rational level, products should be functional,
he explained why they should be beautiful and have an emotional impact as well.
Norman, a usability advocate, contended that affect, when properly designed into a
system, can positively influence behavior. He suggested the positive inducing qualities
that are imparted by attractive designs could influence cognitions, by “broadening
thought process”. While Norman does not offer any empirical support which may
account for the cognitive mechanisms of action, some cognitive science research has
explored this relationship.
Research in cognitive psychology has helped to reveal some of the theoretical
relationships, which support the premise that a pleasant, positively “affectively-charged”
atmosphere may trigger certain cognitive mechanisms. The work of Murphy and Zajonc
(1993) showed support for the affective primacy hypothesis, suggesting that emotional
reactions can occur with minimal stimulation and that they can, therefore, precede and
alter subsequent cognitions. This finding is important to the current investigation
because it underscores the idea that the perceptual quality of visual stimuli can impact
emotionality, which in turn, likely has cognitive ramifications.
Explanations for mood-congruence effects offered by Isen (1987) suggested that
affective states influence the retrieval of information from semantic memory, making
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evaluative related material more accessible. Although Isen’s findings were based on
the study of semantic memory, this finding may be relevant to baggage screening
because of the requirement for screeners to demonstrate certain proficiencies in
cognitive skills over a period of time. The link is made that someone who approaches
airport baggage screening with a less than efficient pattern recognition mechanism, may
exhibit less than optimal diligence in the search task. Their cognitions could be
compromised, even only slightly, by disagreeable display interfaces. It is this concern
that inspired the basis for examining the effects of mood on performance. Next, I review
heuristic practices that recognize that cognitive performance may be affected by visual
stimuli’s qualitative characteristic.
Heuristic Practices
For the current investigation, a key theoretical element is the mediating role
played by affect derived from the visual environment. More specifically, I believe that
due to certain color combinations, a favorable mood may be induced which contributes
positively to performance in search tasks. While direct evidence does not currently exist
regarding color usage and performance implications for baggage screening, there are
comparable domains that consider the general effect of color on performance. What
follows are the identification of professions which employ heuristic practices for color
usage. These heuristics take into consideration the balance between aesthetic and
pragmatic objectives.
In a variety of contexts, behavioral benefits have been realized from harmonically
combining colors. These benefits are varied, depending on the profession and the
objective that shall be achieved.
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Professions that are impacted by color’s ability to impart affective reactions span
from architects and interior-designers, to cartography and advertising. In these
contexts, the application of colors is more anecdotal, rather than being based on
systematic investigation. A few of these domains shall serve as examples in order to
connect their heuristic practices to this study.
Among the various professions which extensively use color, a distinction should
be made. It may be true that professionals such as interior decorators, fabric designers,
and architects often take color interactions into account if their designs are to be
successful. However, in these areas or work, colors are viewed principally in the
context of other colors in order to achieve a sense of pleasant overall interaction; there
is, generally, not a functional aspect to the usage of colors. Often color usage in this
context is attention-getting, so that color makes sales brochures, packaging,
ensembles, and the like, attractive and noticeable.
By way of comparison, in other professions, color usage conjointly serves an
aesthetic and utilitarian role; in these domains, colors are used to encode information
while being attractive. The fields of cartography and computer interface design serve as
examples of work areas that are challenged with the task of combining colors to meet
both needs. These professions are similar in that they are both vehicles which serve an
information-carrying purpose. Each will be discussed with respect to their color
heuristics.
Cartography
The cartography industry is a profession which has taken a keen interest in the
visual harmony that is produced by combining certain colors. As Dent (1996) described,
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cartographic heuristics point out that that some color combinations can adversely affect
map interpretation, while other combinations create effects that are complimentary and
pleasing to view. The heuristic practice is to employ colors that achieve their functional
purpose of distinguishing object and ground, while also creating visually pleasing
effects; this balance is said to improve map legibility. For example, Dent (1996) stated
that:
In maps showing elevations, each elevation range is given a color that is
interpolated between a saturated color for the highest regions where there is not
much else on the map, and a light unsaturated color for low-lying regions that
contain roads, rivers, towns, and so on. Colors for the symbols used to represent
these features are darker and more saturated because they are smaller, and
need to clearly define on the map. (p. 3)
Thus, color choices should be considered not for their individual attractiveness, but
rather with the way they interrelate and their pragmatic function.
This notion has also been articulated by Lyons et al. (2000). These investigators
pointed out that:
Maps are primarily a way of correlating a variety of types of information,
specifically, the absolute location, relative location and the nature of a multitude
of features. The primary concern is to represent information clearly, however, a
pleasant appearance is hardly less important, as many people use maps
extensively in their work, and pleasant color combinations greatly reduce fatigue
from long-term detailed study. (p. 3)
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It is precisely this point that merits emphasizing. I believe that the dual objective of
using pragmatically appropriate and harmonious color combinations, may reduce
fatigue and impact performance, and this effect may have relevancy outside of
cartography, namely, in other contexts such as baggage screening. To this end,
guidelines lay out three elementary heuristics for selecting harmonious colors (Moretti &
Lyons, 2002):
1. pick varying shades of one color (monochromatic harmony)
2. pick complementary colors
3. pick nearby (analogous) colors
Implementing these guidelines, specifically heuristic two above, helped to facilitate the
generation of experimental stimuli in this study, further described in the Methods section
below.
Computer Interface Design
In addition to cartographic practices, other professions consider the role of color’s
qualitative influences on user performance. Computer interfaces share some of the
characteristics with maps. For example, interface features differ in size and importance.
As such, these features often have to be color-coded for differentiation. Additionally,
sometimes features may overlap, and, thus, need to have clearly distinguishable colors.
In cases where features should never overlap, their colors can be similar without
confusion. Thus, Human Computer Interaction (HCI) and especially web design has
also benefited from employing color usage heuristics.
While many application areas for computer interfaces have been investigated
regarding the role of color within their contexts (i.e., Hopkin,1994; Kirwin,1994;
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Walraven, 1992), perhaps the most recent trend of balancing utility and aesthetics with
computer interfaces involves the design of effective websites. For example, in a factoranalytic study, Schenkman and Jonsson (2000) showed that the best predictor for the
overall judgment of the category scales for web-pages was beauty. The practical
recommendations that came out of their study were that web designers should create
web pages using colors that provide a good overview (utilitarian) and overall
impression.
The cartographic and computer interface (website) examples above illustrate that
there appears to be practical benefits from aesthetically-driven heuristic practices. If
this is the case, certain color combinations may generate a more attractive and pleasing
image to a baggage screener’s eye. The challenge lies in identifying which colors in
combination would be most appropriate for the effect that one is trying to achieve. In
the context of a baggage-screening environment, which can often be characterized at
busy airports as being exceedingly stressful, it seems reasonable to suggest that an
aesthetically pleasing color combination in display interfaces would be appropriate.
Thus, the second technical objective for this investigation became how to assess and
manipulate subjective qualities of color-sets. To achieve this, one needs to gain
consensus of sensorial experience, by assessing how visually agreeable some color
combinations may appear.
Visual Agreeability
For this study, the term “visual agreeability” means an associated psychological
impression when the observer sees a colored image. A psychological impression is
understood to mean an affective reaction to the chromatic composition, where a quality
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of atmosphere (mood) is evoked, with an expression of preference. Visual agreeability
has been anchored as follows: At one end, where a high level of positive impression is
evoked (pleasant), the color set is termed accordant. Its antithetical anchor, when a
color combination evokes a negative impression (unpleasant), is termed discordant.
While it is important to note that individual preference is ultimately subjective, and there
is no standard for beauty, depending on the aptness of certain color combinations, it is
reasonable to assume that there are commonly shared behavioral reactions that
correspond to mutually perceived visualizations. Thus, the subjective qualities that are
tied to certain color combinations may result in affective impressions which, in turn, may
be reflected in performance measures.
Summary
In sum, to integrate and recapitulate the various logical linkages made above, I
suggest that color itself possesses affective qualities that influence mood. Mood
literature has shown a mood-congruence effect, linking affect to judgment and behavior
in a direction concordant with its valence. Next, I showed that heuristic practices in
various professions, give importance to color’s aesthetic role for the purposes they are
trying to achieve. Lastly, terminology was offered to more precisely bind psychoemotional states to color science vocabulary. Therefore, it is postulated that a
moderating role played by affective responses of chromatic stimuli may exist when
color-code schemes are combined in a more visually pleasing manner. It is this
combination of colors which may produce agreeable hedonic states that have cognitive
benefit. If this is the case, care should be taken in assigning which color combinations
are most agreeable for the purpose of an X-ray search tasks.
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Hypothesis Two:
(2a) Using a color set that is deemed accordant in composition as
compared to a discordant color set is associated with a concomitant decrease in
reaction time.
(2b) Using a color set that is deemed accordant in composition as
compared to a discordant color set is associated with fewer detection errors.
Interaction of Color Contrast and Visual Agreeability
Based on the abovementioned literature, it is reasonable to surmise that, on both
cognitive and affective grounds, the effects of certain color combinations when mapped
onto an X-ray image may elicit both psychophysical and psycho-emotional reactions
which can be measured and compared. In addition to these main effects, it is
reasonable to assume that there may also be a significant interaction between the
differing perceptual aspects of color.
An interaction effect is understood to mean "the differing effect of one
independent variable on the dependent variable, depending on the particular level of
another independent variable" (Cozby, 1997; p. 314). For this study, it was surmised,
based on aforementioned heuristic practices, that accordant color combinations would
have a disproportionately greater impact on performance for high-color contrast as
compared to low-color contrast conditions. The reason is that pragmatic requirements
of baggage screeners necessitate discernment of details, which previously described
research has shown can be afforded by high-contrast conditions. Based on this reason,
it seems plausible that the discernment of image detail likely preempts color’s affective
role. It follows, that any performance effects that are attributable to visual agreeability,

35

would to a greater extent, impact the high-color contrast condition.

Therefore, I

predicted that the high-color contrast condition would be impacted to a greater extent,
compared to the low-color contrast condition, by visual agreeability. Specifically, the
following hypothesis was proposed:
Hypothesis Three: An interaction effect is predicted, where the influence of visual
agreeability is disproportionally greater for color-sets that are deemed high-color
contrast compared to low-color contrast. Specifically, color sets that are both
high-contrast and accordant are predicted to be significantly more influential than
color-sets which are both low-contrast and accordant in composition. Similarly,
color-sets which are both high-contrast and discordant in composition are
predicted not to reveal significant performance differences as compared to lowcontrast and discordant sets. Performance was associated with a concomitant
decrease in reaction time and fewer detection errors.
Present Study
This study evaluated the role of color combinations as a perceptual feature, both
in the context of cognitive and affective influences. As shown above, it is not
unreasonable to suggest that certain color combinations exist that are both cognitively
efficient and perceptually agreeable. The literature review initially explored the
intricacies of a search task and deconstructed the cognitive sub-processes that may be
relevant to perceptual learning as it applies to X-ray screening. The topic of color
science was discussed to justify which color alternatives to explore based on cognitive
dividends. Affective literature was outlined to underpin why such color alternatives may
be beneficial. The technical goal of this study was to understand how performance is
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affected by manipulating the variable of color sets on both objective and subjective
bases.
To recap, three specific hypotheses were proposed that describe the expected
relationships between high and low, hue-based, contrasting color sets and color sets
deemed accordant and discordant, as well as their interaction, on reaction time
efficiency and detection accuracy.
Hypotheses
Hypothesis One: Predicted that the use of a high color contrast set as compared
to low color contrast, is associated with a concomitant decrease in reaction time
and fewer detection errors.
Hypothesis Two: Predicted that using a color set that is deemed accordant in
composition as compared to a discordant color set, is associated with a
concomitant decrease in reaction time and fewer detection errors.
Hypothesis Three: An interaction effect was predicted, where the influence of
visual agreeability would be disproportionally greater for color-sets that are
deemed high-color contrast compared to low-color contrast.
The results of these manipulations of the different color-sets on performance are then
compared to a current industry standard. In the following section, the experimental
design is described.
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METHOD
Participants
100 undergraduate students (38 males and 62 females, mean age = 21.40 yrs,
SD=1) participated in this study for course credit. All were treated according to APA
ethical guidelines. Participation in the experiment was open to all students regardless
of age, race, gender, or nation of origin. A demographic form was used to screen out
participants with previous experience in X-ray screening to ensure that only data from
naïve participants were used in the analysis of the results. Data from 5 participants
were excluded from the analyses due to screening/procedural problems, resulting in an
overall N of 95. Participants were randomly assigned to one of the four experimental
conditions, or to the fifth cell, the comparison condition. Participants were prescreened
for normal visual acuity and color vision.
Design
This experiment employed a 2 x 2 between-groups design, plus a fifth cell which
provided an anchor in the current industry standard. The independent variables (a)
color contrast (high or low) and (b) visual agreeability (accordant or discordant) were
manipulated to assess their separate and combined influence on reaction time and
detection accuracy in an X-ray baggage screening task.
Materials
Color Set Selection Process.
The current color-coding scheme used in most dual-energy X-ray machines is
illustrated in Figure 3. Operational design constraints within the X-ray manufacture
industry limit the number of color-codes they use to a maximum of three; these color
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assignments are based on materials’ atomic weight. The current industry standard
color-codes are as follows: Orange represents elements of low atomic number, (i.e.
elements which can be found in organic material), green is used for elements of
medium atomic number (non-organics and overlapping materials) and the color blue is
used for elements of higher atomic number (metals). The brightness of the colors is a
reflection of the materials’ thickness; thin materials are brighter, thicker materials are
darker in color (for more details, see Jentsch et al. 2003).

Figure 3. Current industry standard for dual-energy X-ray machines

Similarly, for this study, three colors constituted “a set” that were then imparted
onto an X-ray image. The process of arriving at which three colors, in combinations, to
be included in a set was determined using a RBG color-space utility developed by Color
Wheel Pro 2.O™.
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With respect to color identification, it is important to understand that the RGB
color system is based on abstract mathematical modeling, which allows colors to be
represented as numbers; typically as three or four values. Therefore, color sets in this
study were identified using both the common name and RGB numerical values.
The selection process of identifying which colors to combine, to achieve the
desired effect must begin with an understanding of the way colors are organized in the
RGB color space. Colors are typically placed into categories, such as complementary,
split-complementary, triad, analogous and temperature, to describe how two or three
colors relate to each other (see Table 2).

Table 2.
Categorical color arrangements in an RGB color space
Complementary
colors opposite
each other

Split-Complementary
colors are those on
either side of the
complementary color

Analogous
colors are
those adjacent
to each other
on the wheel

Triad
colors
equidistant

Temperature
relates to the sense
of temperature each
color imparts

Using this RGB framework, and a color-wheel, the color contrast conditions (high and
low) were created (see next paragraph). Color-set selection for the subjective construct
of visual agreeability was based on the findings of a foundational study (described in a
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subsequent section) that assessed level of emotional reaction (accordant and
discordant).
Color Contrast Sets
As previously mentioned, variations in color contrast can be achieved through the
manipulation of color’s hue, value, and saturation, either together or individually. In
order to maintain design parsimony, this study limited contrast manipulation by varying
hue only, while color’s value and saturation levels remained constant. Thus, color
contrast differences, high versus low, were determined by pairing various hues, as a
function of chromatic distance (the spacing) between colors on the color wheel. All
other dimensions of color remained equal.
Inter-color spacing, as organized in an RGB color model, arranges colors so that
colors are considered to be either contrasting or related, according to their relative
placement on the color wheel. Contrasting colors are those that lie some distance apart
on the color wheel. Related colors are those that lie side by side, or near one another
on the color wheel. Because one of the objectives in this study was to produce highcolor contrast between colors, complementary hues were selected for the high contrast
condition.
Color science has shown that those colors which lie directly opposite each other
produce the highest chromatic contrast (Thorell & Smith 1990). Given this principle, for
the purpose of achieving high-contrast with three colors, it has been deemed most fitting
to use a color-wheel and to identify combinations with a split-complement configuration.
Split-complements are colors on either side and exclusive of the true
complement; they are approximate complements. Color scientists suggest using split-
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complementary colors to give an image a high degree of contrast (Thorell & Smith
1990). The broadly spaced, split-complement configuration is represented as an
isosceles triangle laid over a color wheel (see Figure 4).

Figure 4. Split-complement configuration using a color wheel.

Once the split-complement configuration (high-contrast ratio) is set, the triangle
can be rotated around the color wheel to acquire different color combinations. In this
fashion, the color wheel was manipulated in the foundational study to obtain twelve
different color combinations.
If low-color contrast combinations are intended for a visual display, the color
wheel can be used to achieve that effect as well. As a basis for comparison, a
comparatively low-color contrast arrangement is achieved using a differently configured
triad. As illustrated in Figure 5, when three colors are more closely spaced, they form a
shorter-legged isosceles triangle. The colors combined in this triad configuration result
in lower color contrast as compared to a split-complement configuration. Similarly, once
this configuration is set on the color wheel, it can be rotated to acquire different
combinations of low-contrast colors. These combinations are then evaluated to
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determine the most, or least, visually agreeable. Thus, low-color contrast sets will also
be ascribed a characteristic of being either accordant or discordant in affective quality.

Figure 5. Isosceles triangle configuration using a color wheel.

Accordant vs. Discordant Sets
As there are no universally accepted standards that definitively state which color
combinations are most pleasing, and previously mentioned cartography guidelines only
offer general categorical suggestions, a method to obtain this information was required,
to determine in the context of this investigation, how various colors are affectively
experienced. Additionally, there is an apparent absence of literature investigating the
role of color contrast on affect. In order to address these gaps, this section describes a
foundational study which served a dual purpose. First, the objective was to empirically
ascribe, with pleasantness rankings, color-sets as having either accordant or discordant
affective qualities. Second, a statistical analysis was conducted to ensure that
pleasantness rankings were not confounded by levels of color contrast.
Participants for the foundational study consisted of 30 randomly approached
individuals, who were requested to offer an opinion regarding their preference for color
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combinations (see Appendix 1 for materials used in foundational study). Participants
were asked to rank-order 24 cards. Each of the cards had an identical abstract image
comprised of three differing colors. Unbeknownst to participants, 12 of the cards were
showing high-color contrast combinations, and the other 12 of the cards showed lowcolor contrast combinations. All cards were presented at once in a random layout.
Participants were asked to order the cards according to their preference, from most to
least pleasing color combinations. An anchoring value of 1 was assigned to the most
pleasing color set, while a value of 24 was assigned to the least pleasing color set.
These rankings were then tallied to identify which color combinations were collectively
characterized as being accordant and discordant. Table 3 list the color-sets, ranked
most and least pleasant for both high and low contrast color combinations; means and
standard deviations are reported. This exercise was repeated for a smaller sub-set of
color-sets, also shown in Table 3. However, instead of using color swatches, actual Xray images were used in the evaluation to account for variations in color shade. Color
preferences were essentially the same in both investigations.
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Table 3.
Means & standard deviations for color-sets ranked most and least pleasant.
8-Set X-ray images, mix saturation*

24-Set swatches, full saturation*
Rank
C8 Low-Contrast
C3 High-Contrast
C7 Low-Contrast
C9 Low-Contrast
C5 Low-Contrast
C11 High-Contrast
C6 High-Contrast
C7 High-Contrast
C10 Low-Contrast
C4 High-Contrast
C12 Low-Contrast
C6 Low-Contrast
C11 Low-Contrast
C12 High-Contrast
C1 High-Contrast
C2 Low-Contrast
C2 High-Contrast
C5 High-Contrast
C10 High-Contrast
C9 High-Contrast
C4 Low-Contrast
C3 Low-Contrast
C1 Low-Contrast
C8 High-Contrast

N
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30

Mean
7.666
7.900
8.033
9.133
9.233
9.666
11.133
11.466
11.500
11.533
11.666
12.433
13.266
13.666
13.900
14.100
14.566
14.933
15.000
15.233
15.433
15.900
16.100
16.533

Std. Dev.
6.149**
5.053
4.923
5.882
6.072
7.260
6.537
7.505
7.060
5.852
6.645
7.582
6.575
6.326
5.973
7.562
5.256
7.723
6.496
6.473
7.137
5.409
5.713
6.826

Rank
C8 Low-Contrast
C3 High-Contrast
C7 Low-Contrast
C11 High-Contrast
C3 Low-Contrast
C8 High-Contrast
C1 Low-Contrast
C9 High-Contrast

N
26
26
26
26
26
26
26
26

Mean
2.961
3.538
4.346
4.461
4.730
4.961
5.000
5.769

Std. Dev.
1.731**
2.403
2.152
2.158
2.089
2.340
2.280
2.196

* N=30 for all sets, **bold=selected
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Another objective of this foundational study was to ensure that color contrast was
not confounded with pleasantness judgments. To investigate this possibility, a
repeated measures analysis of variance was conducted with four levels defining
the color- sets. Two of the color-sets were ranked most pleasant (Card 8 LowContrast & Card 3 High-Contrast) and two of the color-sets were least ranked
least pleasant (Card 1 Low-Contrast & Card 8 High Contrast). Results, reported
using Wilks’ lambda, revealed a significant difference among the 4 color-sets, F
(3, 27) = 19.344, p < .0005. More specifically, pairwise comparisons revealed
that while there were significant differences between the accordant and
discordant color-sets, respectively, no significant differences were found within
each set (refer to Table 4).

Table 4.
Pairwise comparisons
(I) CARD

(J) CARD

Mean Difference

Std. Error

Sig.(a)

Card-8 Low

Card -3 High

-.233

1.344

.863

Card -1 Low

-8.433(*)

1.689

.000

Card- 8 High

-8.867(*)

2.058

.000

Card - 8 High

.233

1.344

.863

Card - 1 Low

-8.200(*)

1.092

.000

Card - 8 High

-8.633(*)

1.672

.000

Card- 3 High

* The mean difference is significant at the .05 level.
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Based on these findings, it can be stated that the rankings of visual agreeability
were not affected by the color-set’s contrast. In other words, there was no linkage
between contrast level and affect in the participants’ rankings.
Consequently, the foundational studies using both abstract swatches and a subset of colorized X-ray images served to identify four non-confounded color-sets which
determined the experimental conditions.
Experimental Conditions
Results of the previously described foundational studies were used to establish
accordant and discordant color combinations for high and low contrasting conditions.
Each of these is described and illustrated next.
High-Color Contrast (Accordant). As illustrated in Figure 6, using a splitcomplementary configuration, the results of the foundational studies revealed the
following high-contrast colors set that was ascribed a characteristic of being accordant
in affective quality: yellow (255,255,0 metals), cyan (0,255,255 non-organics), and
magenta (255,0,255 organics).

Figure 6. High-color contrast (accordant) color-set. Sequence: Position on color wheel,
swatch rankings, re-coded X-ray image.

47

High-Color Contrast (Discordant). As illustrated in Figure 7, using a splitcomplementary configuration, the results of the foundational studies revealed the
following high-contrast color set that was ascribed a characteristic of being discordant in
affective quality: blue (0,0,255 metals) light-green (0,100,0 non-organics), and red
(255,0,0 organics).

Figure 7. High-color contrast (discordant) color-set. Sequence: Position on color wheel,
swatch rankings, re-coded X-ray image.

Low-Color Contrast (Accordant). As illustrated in Figure 8, using a modified
isosceles triangle configuration, the results of the foundational studies revealed the
following low-contrast color set that was ascribed a characteristic of being accordant in
affective quality: dark-violet (204,0,255 metals) blue (0,0,255 non-organics) and, cyan
(0,255,255 organics).
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Figure 8. Low-color contrast (accordant) color-set. Sequence: Position on color wheel,
swatch rankings, re-coded X-ray image.

Low-Color Contrast (Discordant). As illustrated in Figure 9, using a modified
isosceles triangle configuration, the results of the foundational studies revealed the
following low-contrast color set that was ascribed a characteristic of being discordant in
affective quality: magenta (255,0,255 metals), dark-red (153,0,0 non-organics),and
mustard (255,178,0 organics).

Figure 9. Low-color contrast (discordant) color-set. Sequence: Position on color wheel,
swatch rankings, re-coded X-ray image.

In sum, alternative color combinations, to be coded onto X-ray images, could be
linked to color contrast and visual agreeability, as identified using an RGB color space
utility and the findings from foundational studies. The color-sets shown in Table 5 and
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Table 6 constitute the current industry standard and experimental conditions
respectively:

Table 5.
Depiction of the current industry standard color-code assignments.

Industry Standard
Color Scheme

Metals= Blue: (0,0,255)
Non-organic= Green:(0,100,0)
Organic= Orange: (255,165,0)

50

Table 6.
Depiction of alternative color combinations investigated in the study.
Color Contrast
Low

High

Rated as
Discordant

Magenta: (255,0,255)
Dark Red: (153,0,0)
Mustard: (255,178,0)

Visual
Agreeability

Blue: (0,0,255)
Light-green: (0,100,0)
Red: (255,0,0)

Rated as
Accordant

Dark-Violet: (204,0,255)
Blue: (0,0,255)
Cyan: (0,255,255)
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Yellow: (255,255,0)
Cyan: (0,255,255)
Magenta: (255,0,255)

X-Ray Stimuli
Stimuli were developed using Adobe Photoshop ®. This particular software was
chosen due to its ability to manipulate different objects on a specified background.
Specifically, stimuli were developed to reflect the variables of this study. Overall, there
was a 3-to-1 ratio of target to distractor stimuli. Of the images containing a target, there
were an equal number of guns, knives, and scissors. For all relevant variables, an
existing stimuli pool developed by Jentsch, Fiore, Scielzo, and Hoeft (2003) served to
define bag, threat, and distractor composition and parameters.
Screening Task
Superlab Pro © was used to display all image stimuli in a random order. Each
image was presented for a maximum time of 10,000 milliseconds (i.e., 10 seconds) in
which participants were required to input a response. Participants made their
responses using four keys that were labeled ‘gun’, ‘knife’, ‘scissors’, and ‘no target’. If a
participant took more than 10 seconds in making a response, Superlab automatically
moved to the next stimulus and recorded that no response was made. The screening
task was run on an IBM compatible computer with a 17-inch color monitor. Participants
used specifically labeled keys on the keypad to enter their responses.
Color Vision and Visual Acuity Pre-Screening
Due to technological advances in X-ray equipment over the last few years, the
field of baggage screening has become a profession where the use of normal color
vision is absolutely necessary. Because impaired vision can affect color perception,
both a color vision and visual acuity test were given to screen participants. The color

52

vision assessment to be given to participants was a modified Ishihara test (see
Appendix 2)
In addition, for this investigation, the experimental setting mimicked a typical
airport screening station with respect to the monitor type (i.e, a CRT display) and a
viewing distance of approximately one foot. In order to ensure consistent responses, all
participants were initially assessed for normal (or corrected normal) vision. This was
achieved using a Jaeger card (see Appendix 2), an instrument that assesses
farsightedness. Data from five participants who did not meet the minimum standard on
these vision criteria, were not used in the analyses of the results.
Procedure
Upon arrival, participants completed an informed consent form and a
biographical data sheet (including demographic information such as age and gender,
and prior experience with guns, knives, or scissors) (see Appendix 3). Participants
were then asked to complete the visual acuity and color vision measures, as previously
described.
Next, a short-form mood inventory (The State-Trait-Cheerfulness-Inventory, see
Appendix 4) was administered to assess state affect on the dimensions of
Cheerfulness, Bad Mood, and Seriousness at the beginning of the study.

Following

this, a brief 5- minute training exposure was given to establish screener task familiarity.
Training exposure consisted of 10 images with response contingent feedback, denoting
correct or incorrect observations. Participants were then exposed to the actual
screening task. The screening task was repetitive, but randomized, and required all
participants to view a total of 153 X-ray images. Of these images, 36 contained a single
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threat item among the clutter. The different forms of threat items consisted of either a
gun (12), knife (12), or scissors (12). Upon completion of the experimental task,
participants were requested again to complete the state mood inventory to determine if
there had been any change in mood due to the experimental conditions. This was
immediately followed by administration of an electronic version of the NASA TLX to
assess any effects of mental workload by condition. Participants were then debriefed
and extra credit was assigned. Additionally, the monitors that were used in this study
were periodically checked with a photometer to insure that they remained consistent
over time. No significant deviations were found in luminance readings over the course
of the study (see Appendix 4).
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RESULTS
This study employed a 2 x 2 between-groups design. The two independent
variables were color contrast (high or low) and visual agreeability (accordant or
discordant) which were fully crossed, creating four distinct groups. Additionally, a fifth
group of participants served as a control group which was presented with a stimulus
condition that represented the current industry standard for colorizing X-ray images (i.e.,
orange-green-blue). For all groups, two dependent variables were reaction time and
detection accuracy (hits, misses, correct-rejections, false-alarms).
Organizationally, I divided the analyses into two sections each of which
addresses different issues. In section one, 2 x 2 factorial ANOVAs are reported that
tested the hypotheses regarding the effects of visual agreeability, color contrast, and
their interaction. In section two, one-way, between subjects ANOVAs are reported
which compared all five groups, with a special focus on the comparison with the current,
standard industry scheme. Both sections report the results of the analyses with respect
to reaction time and detection accuracy.
All variables were screened for violation of the assumptions of normality prior to
the main analyses. Results of evaluation of the assumptions of univariate normality
showed no significant violations. Levene’s test for homogeneity of variance was
examined and its non-significant results suggested no significant deviations from the
assumptions of homoscedasticity. As neither mental workload nor state mood
assessments showed significant correlations with any of the dependent variables, they
were not used as covariates. However, while there were no between group differences
for these measures, it should be pointed out that the sub-scale of bad mood showed
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participants, as a whole, underwent a significant decrease in positive affect after the
completion of the exercise. That is, self-ratings on the bad mood state scale were
elevated as a function of the of X-ray screening task. Finally, an alpha level of .05 was
used for all statistical analyses.
Table 7 lists the intercorrelations for reaction time and detection accuracy.
Descriptive statistics (means and standard deviations) for all performance measures are
summarized in Table 8. Analyses for the effects of visual agreeability and color contrast
on detection accuracy are shown in Table 9. Results of univariate tests are reported in
pairwise comparisons shown in Table 10.

Table 7
Intercorrelations for reaction time and detection accuracy a
Dependent
Variables

Means

Standard Reaction
Deviations
Time

Hits

Misses

Correct False
Reject Alarms

Reaction Time

5093

863

__

Hits

27.75

2.50

.050

__

Misses

10.44

3.27

.008

.828**

__

Correct Reject

64.96

15.76

.107

.026

.075

__

False Alarms

51.70

16.18

.057

.036

.028

.978**

a

N = 95. ** p < .01 (two-tailed).
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__

Table 8
Means & std. deviations for reaction time and detection accuracy by conditiona
Dependent Var.
Reaction Time

Visual Agree.

Color Contrast

Mean

Std. Dev.

N

Standard

Standard

4,983 msec

968

19

Low Color Contrast

4,921 msec

894

19

High Color Contrast

5,145 msec

888

19

Total

5,033 msec

886

38

Low Color Contrast

5,352 msec

610

19

High Color Contrast

5,065 msec

935

19

Total

5,209 msec

792

38

Standard

75%

2.2

19

Low Color Contrast

76%

3.0

19

High Color Contrast

74%

2.6

19

Total

75%

Discordant

Accordant

Detection Accuracy
Hits

Standard

Discordant

Low Color Contrast
Accordant

Standard
Correct Rejection
Discordant

38

2.2

19

b

2.0

19

73%

High Color Contrast

78%

Total

75%

2.3

38

Standard

59%

18.6

19

Low Color Contrast

51%

14.7

19

High Color Contrast

56%

13.4

19

Total

53%

14.1

38

49%

c

16.1

19

High Color Contrast

63%

c

10.7

19

Total

56%

15.7

38

Low Color Contrast
Accordant

2.8

b

Note. Values for reaction time represent mean time for participant to respond, reported in milliseconds.
Values for detection accuracy represent mean percent correct. a n = 19 for each condition, b two groups
are significantly different p<.05, c two groups are significantly different p<.05.
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Section One (2 x 2 Analyses Testing the Effects of the Independent Variables)
Reaction Time
The impact of color contrast, visual agreeability, and their interaction on reaction
time was evaluated using a 2 x 2 between-groups ANOVA, performed using SPSS 11.5
for Windows (i.e., General Linear Model ANOVA; SPSS, 2003).
Hypothesis (1a) predicted that the use of a high-color contrast set as compared
to low-color contrast, would be associated with a concomitant decrease in reaction time.
Univariate tests revealed no significant main effect of color contrast on reaction time, F
(1, 72) < 1. Thus, the prediction that using a high-color contrast set would decrease
reaction time was not supported.
Hypothesis (2a) predicted that using a color set that was deemed accordant in
composition as compared to a discordant color set would be associated with a
concomitant decrease in reaction time. Univariate tests revealed no significant main
effect of visual agreeability on reaction time, F (1, 72) < 1. Thus, the prediction that
using accordant colors would decrease reaction time was not supported.
Hypothesis (3a) predicted that the influence of visual agreeability would be
disproportionally greater for color-sets that were deemed high-color contrast compared
to low-color contrast and therefore would be associated with a concomitant degree is
reaction time. Univariate tests revealed no significant interaction effect, F (1, 72) =
1.743, p=.191. Thus, the prediction for an interaction between the two independent
variables was not supported with respect to reaction time.
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In summary, none of the hypothesized effects of the manipulations on reaction
time were supported by the data. Statistical power for the tests was, however, sufficient
to have detected medium to large effects with a probability of 50% to 80%.
Detection Accuracy
A 2 x 2 between groups MANOVA, performed using SPSS 11.5 for Windows
(i.e., General Linear Model MANOVA; SPSS, 2003) was conducted to evaluate the
effect of color contrast and visual agreeability on detection accuracy. To get a more
detailed view at the elements of decision accuracy, two independent measures of
decision accuracy were included, i.e., hits and correct rejections.
Multivariate analysis, reported using Wilks’ Lambda, revealed a significant main
effect of color contrast, F (2, 71) = 6.771, p = .002. A partial Eta² of .097 was obtained
indicating that approximately 10% of the variance in the means of the combined
variables could be attributed to the effect of color-contrast. No significant main effect for
visual agreeability was revealed, F (2, 71) < 1. The interaction between color contrast
and visual agreeability, however, was significant, F (2, 71) = 4.171, p = .019. A partial
Eta² of .048 was obtained, indicating that approximately 5% of the variance in the
means was due to the effect of the interaction. Univariate analyses are reported in
Table 9 and are discussed in further detail next.
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Table 9
Analyses of visual agreeability and color contrast on detection accuracy
Factor
Color Contrast
Visual
Agreeability
Interaction

Detection Accuracy
Hits
Correct Rejection
Hits
Correct Rejection
Hits
Correct Rejection

F (1,72)
.995
11.243
.074
1.188
4.349
2.728

p
.322
.001
.786
.279
.041
.103

η
.014
.135
.001
.279
.057
.037

Hypothesis (1b) predicted that the use of a high-color contrast set, as compared
to a low-color contrast set, would be associated with fewer detection errors. Univariate
tests showed that, overall, the high-color contrast stimuli, were associated with
significantly more correct rejections (59.5%), than the low-color contrast stimuli (50%).
However, for hits, the means did not differ significantly. Thus, the prediction that using
high-color contrast sets would improve detection accuracy was only partially supported.
Hypothesis (2b) predicted that using a color set that was deemed accordant in
composition as compared to a discordant color set would be associated with fewer
detection errors. Univariate ANOVAs found no significant differences for either hits or
correct rejections. Thus, the prediction that using accordant colors would improve
detection accuracy was not supported.
Hypothesis (3b) predicted that the influence of visual agreeability would be
disproportionally greater for color-sets with high-color contrast when compared to lowcolor contrast image sets. This would have manifested itself in a significant interaction.
The interaction effect for hits was significant; however, for correct-rejections, there was
no significant interaction (refer to Table 9).

Thus, the prediction that the influence of
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visual agreeability would be disproportionally greater for color-sets that are deemed
high-color contrast compared to low-color contrast was only partially supported.
To further explicate the observed performance differences, simple effects tests
were performed and are reported in Table 10. Significant differences for both hits and
correct rejections are graphically depicted in Figures 9 & 10 respectively.

Table 10
Simple effects
Correct Rejections

F (4,95)

p

Contrast at Accordant

10.801

.001

Contrast at Discordant
Agreeability at Low-Contrast
Agreeability at High-Contrast

1.247
.136
3.243

.267
.713
.038

Contrast at Accordant

4.956

.0285

Contrast at Discordant

.614

.4353

Agreeability at Low-Contrast
Agreeability at High-Contrast

2.861
.000

.0942
.1907

Hits

As indicated in Table 10, for correct rejections, the effect of contrast on visual
agreeability was significant only among the accordant sets. Conversely, agreeable
color combinations significantly influenced detection accuracy at high levels of contrast.
For hit rate, a significant simple effect was also found. Color-contrast
significantly influenced hit scores for participants who used accordant color sets.
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80%

Correct Repsonses

79%
78%
77%
76%

Accordant

75%
74%

Disccordant

73%
72%
71%
70%

Low-Contrast

High-Contrast

Condition

Figure 10. Graphic representation of simple effects for hits
Note: Lines indicate mean difference is significant at the .05 level.

65%

Correct Responses

63%
61%
59%
57%

Accordant

55%
53%

Disccordant

51%
49%
47%
45%

Low-Contrast

High-Contrast

Condition

Figure 11. Graphic representation of simple effects for correct rejections
Note: Lines indicate mean difference is significant at the .05 level.

62

Section Two (One-way Between Groups Analyses)
A second objective of this study was to compare the four color sets generated as
a function of the experimental manipulations to the industry standard (fifth cell). Thus,
one-way, between-subjects ANOVAs were performed using SPSS 11.5 for Windows
(i.e., General Linear Model ANOVA; SPSS, 2003). Stimulus condition was used as the
independent variable with five levels.
Reaction Time
The one-way ANOVA for reaction time revealed no significant differences among
the stimulus conditions, F (4, 90) < 1.
Detection Accuracy
The one-way ANOVA for detection accuracy revealed significant differences
among the stimulus conditions for correct rejections, F (4, 90) = 3.596, p = .009, but not
for hits, F (4, 90)=1.433 p = .230. Pairwise comparisons for correct rejections and hits
are graphically illustrated in Figures 12 and 13, indicating where significant between
group differences lay.
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Correct Resonses

66%
62%

Correct
Reject

58%
54%
50%
46%
Standard

Low-Contrast
Accordant

Low-Contrast High-Contrast High-Contrast
Discordant
Accordant
Discordant

Condition

Figure 12. Pairwise comparisons with industry standard for correct rejections
Note: Lines indicate mean difference is significant at the .05 level.

Correct Responses

79%

77%

Hits
75%

73%

71%
Industry
Standard

Low-Contrast Low-Contrast High-Contrast High-Contrast
Accordant
Discordant
Accordant
Discordant

Condition
Figure 13. Pairwise comparisons with industry standard for hits
Note: Lines indicate mean difference is significant at the .05 level.

As can be seen from Figures 12 and 13, despite the ANOVA not revealing an
overall significant difference for hits, pairwise comparisons did reveale a significant
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difference between contrast conditions, and this difference was consistent with the main
finding for correct rejections.
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DISCUSSION
In this study, four new color schemes were created to evaluate the influence of
color combinations on search task performance in baggage screening X-ray images.
By crossing color contrast (high vs. low) with the subjective variable of visual
agreeability (accordant vs. discordant), I was able to evaluate the individual and
combined influences of these constructs on performance in X-ray baggage screening.
Significant differences between conditions were revealed with respect to detection
accuracy; discussed next, are two findings in particular which were notable.
First, color contrast had, as expected, a significant effect on detection accuracy;
specifically with respect to correct rejections. Participants who were presented with
high-color contrast/high agreeability images, performed significantly better than either of
the two low-contrast groups. This suggests that the role of color contrast aids a
person’s ability to exclude threats, that is, high-contrast color combinations assist in
one’s ability to determine that X-ray images are free of threatening objects. However, in
this study, at least, the reverse was not necessarily true, i.e., that color contrast helped
to detect the presence of illicit items. This may be due to the limitation of the stimuli set
which featured highly conspicuous threatening objects, which was necessary due to
using novice participants. That is not to rule out that detection of more obfuscated
threats would potentially benefit from increased color contrast.
The second finding of note was that visual agreeability slightly moderated the
effect of color contrast. Specifically, among color combinations that were deemed
accordant in composition, color contrast had a greater effect on performance (correct
rejections and hits) than among discordant combinations. Further, among the two high-
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color contrast conditions, the accordant set was associated with a significant higher rate
of correct rejections than the discordant set. This interaction effect indicates that the
effect of color-contrast on performance can be moderated by psycho-emotional
mechanisms. In other words, color-contrast affects performance especially when color
combinations are seen as accordant in composition. In the current study, the impact of
color-contrast was significantly more pronounced under conditions of accordant color
combinations.
Data from Table 8 and Table 9, shown earlier, report values that address both
the relative and absolute effect sizes. While the mean absolute difference of hits in
high- and low-color contrast sets was only 1.79 (more correct answers), this translates
to a relative increase in hit rate of over five percent. Similarly, a mean difference of 16
images existed for correct rejections, which practically means that 14% more X-images
were correctly identified as not containing threatening items. The relevancy of this
finding in operational terms can be illustrated by the following example: If screeners
had a correct-rejection rate 14% higher than under other conditions, they would
conceivably spend significantly less time hand-searching bags due to false-alarms.
This, in turn, would directly impact throughput rates, passenger satisfaction, and/or
screener personnel requirements. So, if on average, 100 bags are screened per halfhour shift, and if it takes an additional one minute to search a bag, that has been
incorrectly assessed, an additional 10 minutes is spend at the cost of throughput
efficiency. Thus, conceivably, airport baggage throughput could be changed by more
than 10% due to changes in color combinations. However, in interpreting these
findings, it is important to remember that the differences stated above were between the
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high- and low-color contrast sets, and that the current industry standard scheme
actually performed almost as well as the high contrast, accordant color set.
As the data also showed, this experiment did not reveal any significant
differences for any of the performance predictions regarding reaction time. One
possible explanation that could account for this result may have to do with the
experimental environment which may have inadequately imparting realistic time
pressure. With the allotted time span of ten seconds for participants to make a decision
judgment regarding the status of the experimental bag, they may not have felt
adequately time-pressured. Ten seconds may have been too large a window to create
sufficient simulated time-pressure. Despite the instructions for participants to respond
as quickly as possible, without the realism of people waiting in line at an airport, they
apparently did not feel time-pressured to be efficient. Participants often reported in
debriefing that 10 seconds was ample time to evaluate an image. This failure to create
an expectation-set for participants to respond quickly may be accounted for with two
explanations.

First, the experimenter may have not placed sufficient emphasis in the

instructional directions. Second, the nature of the baggage screening task may impart a
strong conservative response bias across all conditions. That is, novice participants,
not wanting to make a mistake (i.e. miss an object due to speed) are using generous
amounts of time. Consequently, reaction time was not able to detect differences that
may have been otherwise attributable to the influences of the different color-sets.
Practical and Theoretical Implications
This study examined the effects of color on performance in a visual search task.
The large-scale question driving this experiment was: Do both cognitive and affective
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aspects of color combinations influence performance? The outcome of this experiment
would suggest that there appear to be relevant behavioral ramifications, the implications
of which are both practical and theoretical.
Practical Implications
As suggested earlier, the findings of this study reveal how the effect of color
contrast can be moderated through agreeability to generate visual environments that
facilitate performance in visual search tasks, specifically baggage screening. However,
what also should be emphasized is that the of use low-color contrast color combinations
can generate significantly worse performance than the current industry standard. These
finding may have implications for X-ray security screening manufactures, in that, if
changes were to be made in color coding, low-color contrast combinations should
definitely be avoided. Thus, the empirical evidence found here would strongly suggest
that some color-sets, in an absolute sense, do improve performance in a decision
judgment task, but when these color-sets are compared to the industry standard, then
one can only expect incremental, and relatively small improvements. Therefore, I
believe that the current data do not merit interface redesign at this time.
These findings have other practical implications outside of search task
paradigms, namely, how the effects of inter-color relationships may impact other work
areas. For example, where color usage plays a utilitarian role (i.e., in the cartographic
and air traffic control domains), the effects of color-contrast may facilitate information
extraction particularly if the colors are accordant in composition. Thus, findings would
suggest that where information extraction is critical, effects of contrast and agreeability,
may serve a facilitative function in information processing. While it is challenging to
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identify precisely why inter-color combinations may facilitate information processing,
clarification of likely underlying theoretical relationships, discussed next, may serve to
reveal possible mechanisms of action.
Theoretical Implications
However incremental, the findings derived from this study may contribute to the
body of knowledge which explores the role of cognitive-affective mechanisms in visual
performance tasks. As a matter of course, our theoretical understanding of the
interwoven psychophysical and psycho-emotional relationships has been tenuous.
Nevertheless, as this study clearly demonstrated, there are behavioral and emotional
mechanisms which apparently work together to fashion responses that affect
performance.
It would appear that affective responses to certain color combinations have a
moderating effect on color-contrast, which influences decision making under certain
conditions. While the purpose of this study was not theory development per-se, these
results do have implications that tie back to previously discussed theoretical
relationships and extend further speculation.
With regard to the effect of color-contrast, it may be the case that colors which
are spaced further apart, improve edge resolution and this serves to produce more
distinct perceptual delineation of an object’s shape. The outline properties of baggage
content may be more perceptually distinct, and therefore are more accurately compared
to mental models of familiar patterns. Even the slightest reduction of object ambiguity,
due to contrast enhancement, may lead to more critical features/contours being
detected and or identified.
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Additionally, while the interaction effect was less robust than the hypotheses
predicted, the moderating effects of agreeability on the impact of color-contrast cannot
be denied. Color’s affectivity seems to have had significant performance implications
under conditions of high-contrast. Yet, due to the scant research in this area, the exact
reasons for this effect remain elusive. However, some possible relationships regarding
the effect of mood on performance bear mentioning.
What seems to be consistent with the literature in this area is the connection to
the mood-congruence effect, in that the role of emotion tends to influence judgment in a
direction concordant with its valance. It seems plausible that individuals are subconsciously thinking more positively and therefore are slightly more confident in their
assessments and exhibiting performance improvements. Yet, because the magnitude of
emotion is slight and operating below consciousness, the influence of accordancy does
not register in self-report. Recall state affect inventories did not reveal between-group
differences. Thus, these findings are of theoretical importance because it can be more
firmly posited that visual attention in search task paradigms are operating, to lesser
degrees, under both psychophysical and psycho-emotional influences. It is these
understandings which contribute to the field of perceptual psychology and allow further
steps to be taken to more precisely explore how the constructive process of perception
functions.
Alternatively, it is possible that the accordant-discordant variable studied here
encompassed, or is highly correlated, with another construct that accounted for the
performance differences. While this is unlikely, as the pilot study was specifically
intended to capture the psycho-emotional construct of agreeability and did establish the
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independence of agreeability and color contrast, it is possible that the ratings of
agreeability were somewhat motivated by another, underlying construct, such as
potentially utility for item recognition, that also affected performance.
Limitations
Several limitations to the present study should be noted. First and foremost, the
participants used in this study were undergraduate students enrolled in psychology
courses. Consequently, the generalizability of this study to actual screeners is limited.
This limits the generalizability of these findings to other, complex operational
environments, as well, and in a number of ways.
First, training was kept to a bare minimum and learning stimuli were narrow in
scope, therefore, we unable to account for different learning styles or establish precise
skill mastery. Second, performance measures were taken over an avearage 15 minute
window, as compared to more typical day-long shifts found in airports. Third,
consequences of making errors were virtually nonexistent and consequently may not
have imparted sufficient incentive for the highest level of task diligence. Despite these
limitations, several findings from the current study compare favorably to findings from
other studies on X-ray security screening. For example, hit and correct rejection rates
were similar to those obtained in our lab’s previous studies. Second, differences were
observed specifically in improved correct-rejection rates under better conditions, a
finding that mirrors those in our previous training studies and also reflects a reality
among actual X-ray screeners whose correct rejection rates improve with training and
experience while their hit rates remain relatively stable (Rubinstein, 2004, personal
communication). Despite, or because of this, further research is clearly warranted with

72

more realistic training and environmental realism to explore if differing color-sets effects
hold up over time and in non-laboratory conditions.
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CONCLUSION
Through this study, a better understanding of the role of cognitive-affective
influences brought about through color combinations has been reached. By way of
comparison, to date the behavioral sciences offers little knowledge with regard to how
colors in the operational environment influence performance. The literature seems to
contain mostly anecdotal evidence, revealing a severe lack of systematic empirical
research. This study has helped, at least partially, to fill that void. The results and
analyses of this study have allowed us to conclude that color-contrast likely plays a
pivotal role in the ability to deconstruct various patterns and evaluate the level of object
illicitness in a visual search paradigm. The main purpose of exploring alternative colorcoding schemes was to determine if perceptual capabilities of the human visual system,
particularly that of airport baggage screeners, can be enhanced in order to extract more
accurate information from the image. Partially supported hypotheses revealed that by
providing better differentiation of the scene components through color contrast,
judgment decisions were significantly improved.
Again, it bears mentioning, that airport luggage inspection has always been a
challenge because of (1) the complexity naturally present in knowing the content of
each individual bag, (2) the constant increase in the level of sophistication and methods
of device concealment by terrorists, and (3) the decrease in screeners’ alertness when
constantly gazing at a screen and seeing almost the same type of objects over and over
again. In response to these challenges, it was the goal of this investigation to explore
and evaluate alternative color-codes that increase efficiency of the operation of luggage
inspection by decreasing errors and time required to perform hand inspections. This
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reduction of false alarms would also have the secondary benefit of reducing the
probability of errors due to early on-set of fatigue.
The results of this study suggest that an image enhancement technique, by way
of color manipulation, can be a very valuable tool in increasing the rate of correct
rejections. While colors’ affective influences may be operating below a conscious level,
the evidence suggests that some color arrangements are better cognitively assimilated
and perceptually pleasing. The implication of the results indicates that high colorcontrast images, particularly those that are pleasing in color composition, appear to
accentuate the saliency of elementary sensory cues and/or to perceptually help to
segment an X-ray image into discrete entities. This enhanced detail helps the perceiver
evaluate objects more definitively while the moderating role of accordant color
combinations somehow helps facilitate this effect. While these findings are tied to
baggage screening, the implications are that the organizational benefits of certain color
combinations may carry over into other search task environments like ATC and/or
information-intensive domains and are areas for further research.
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APPENDIX A:
PILOT-STUDY MATERIALS
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Low-Color Contrast Images
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High-Color Contrast Images
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Color Vision Test
Sample Item
Please look at the picture below. What number do you see revealed in
the pattern of dots below?

So, you would write “12”, if you see none, please write the word none.

Please turn the page to begin. . . →
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Response

Question 1

------------------

Question 2

------------------

Question 3

------------------

Question 4

------------------
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Color Swatch Response Form
Name
_______
Participant # _______
Gender
_______
Student
_______
Color Vision _______
Most Pleasant
1

__

2

__

3

__

4

__

5

__

6

__

7

__

8

__

9

__

10

__

11

__

12

__

13

__

14

__

15

__

16

__

17

__

18

__

19

__

20

__

21

__

22

__

23

__

24

__

Least Pleasant
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APPENDIX B:
PRE-SCREENING MATERIALS
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NEAR POINT VISUAL ACUITY TEST
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Color Vision Test

Please wait until the instruction is given before
turning the page to begin. . .→
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Color Vision Test
Sample Item
Please look at the picture below. What number do you see revealed in
the pattern of dots below?

Sample Item

So, you would write “12” on the answer sheet on the space next to that
question. test booklet.
If you have any questions, please ask now.

Please wait until the instruction is given before
turning the page to begin. . . →
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Color Vision Test
What numbers do you see revealed in the patterns of dots below? Please
record the number on the answer sheet or, if you do not see a number,
write “NONE.”

Question 1

Question 4

Question 2

Question 5

Question 3

Question 6

Please turn the page to continue. . .
86

Color Vision Test
What numbers do you see revealed in the patterns of dots below? Please
record the number on the answer sheet or, if you do not see a number,
write “NONE.”

Question 7

Question 10

Question 8

Question 11

Question 8

Question 12

Please stop here
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Participant Number _____

Answer Sheet
Color Vision Test
Please record your response to each color vision test question in the space next to that question
number. If you have any questions, please do not hesitate to ask.

Question 1: __________________

Question 7:__________________

Question 2: __________________

Question 8:__________________

Question 3 __________________

Question 9:__________________

Question 4: __________________

Question 10:__________________

Question 5: __________________

Question 11:__________________

Question 6: __________________

Question 12:__________________
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IRB APPROVAL LETTER AND CONSENT FORMS
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INFORMED CONSENT
NAME: _________________________________________
Identification Number: _______
Introduction to Study:
This research, “Alternative Color Codes for X-ray Baggage Screeners,” is being conducted by principal
investigators, Florian G. Jentsch, Stephen M. Fiore and Clint A. Bowers.
In this research you will participate in a short training program designed to asses your ability to detect threatening
items within X-ray images. You will be presented with computer-based training materials that present images and
asked to make decisions regarding the present or absence of certain objects. Your performance will be assessed
following after a short training of the task. You are assured that your performance on these tasks will remain
completely confidential (see below). Including training, performance, and paperwork, this experiment will last
approximately 2 hours. Upon completion of the study course credit for participation in an experiment will be given
in accordance with the procedures established within the Department of Psychology.
Risks and Benefits:
Participation in the current study does not involve any risks other than those commonly associated with the use of
computer display terminals. Potential benefits include the development of guidelines for the appropriate use of
training materials in a variety of differing task contexts. If you are injured during this study, as a result of the
negligence of the Principal Investigator, the University of Central Florida. The Board of Regents of the State of
Florida and the State of Florida shall be liable to the limited extent required by Florida law. You may seek
appropriate compensation for injury by contacting the Personal Injury Insurance Coordinator at University of
Central Florida Office of the General Counsel, Administration Building, Suite 350, Orlando, FL 32816-0015. The
telephone number is (407) 823-2482. All inquiries to the Personal Injury Insurance Coordinator must be made in
writing via either U.S. Mail, e-mail (gcounsel@mail.ucf.edu), or facsimile: (407) 823-6155."
Confidentiality of Personal Data:
All data you contribute to this study will be held in strict confidentiality by the researchers and will be kept under
lock and key; that is, your individual data will not be revealed to anyone other than the researchers and their
immediate assistants.
To insure confidentiality, the following steps will be taken: (a) only researchers will have access to the data in paper
or electronic form. Data will be stored in locked facilities; (b) the actual forms will not contain names or other
personal information. Instead, the forms will be matched to each participant by a number assigned by and only
known to the experimenters; (c) only group means scores and standard deviations, but not individual scores, will be
published or reported.
YOUR PARTICIPATION IN THIS RESEARCH IS COMPLETELY VOLUNTARY. YOU MAY WITHDRAW
FROM PARTICIPATION AT ANY TIME WITHOUT PENALTY - THIS INCLUDES REMOVAL/DELETION
OF ANY DATA YOU MAY HAVE CONTRIBUTED. SHOULD YOU DECIDE NOT TO COMPLETE THE
TRAINING STUDY, HOWEVER, YOU WILL BE ELIGIBLE ONLY TO THE COURSE CREDIT FOR THAT
PART OF THE STUDY YOU HAVE COMPLETED.
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Consent and Signatures:
By signing this form I agree to participate in the study conducted by principal investigators, Matthew Hilscher,
Stephen M. Fiore and Florian G Jentsch.
I have been given the opportunity to ask the research assistants any questions I may have. I have read the procedure
described above. I voluntarily agree to participate in the procedure, and I have received a copy of this form. For
any other questions regarding this research, I can contact: Dr. Stephen M. Fiore, Research Scientist, Team
Performance Laboratory, University of Central Florida, Orlando, FL 32826. Phone: (407) 384-2098; E-mail:
sfiore@pegasus.cc.ucf.edu
Signature:_________________________
PI Signature:_______________________

IRB Approval:
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Biographical Data Form
Participant Number:_______
Please complete the following questions. Any information you provide is voluntary and will be kept strictly
confidential. A participant number will be assigned to your responses and in no way will your name be
associated with the data. The information you provide will be used only for the purpose of this study.
1.

Age____

2.

Gender: ___Male

3.

SAT: ___Verbal

4.

Year in School: ___Freshman ___Sophomore ___ Junior ___ Senior ___Graduate

5.

Major: _____________

6.

Native Language (if not English): ____________

7.

Rate your familiarity with the following objects:

___Female
___Math

Using the scale below, please indicate how you would rate your experience with seeing or working with any type of
scissors:
1
NOT AT
ALL
FAMILIAR

2

3

4
SOMEWHAT
FAMILIAR

5

6

7
VERY
FAMILIAR

Using the scale below, please indicate how you would rate your experience with seeing or working with any type of
knives:
1
NOT AT
ALL
FAMILIAR

2

3

4
SOMEWHAT
FAMILIAR

5

6

7
VERY
FAMILIAR

Using the scale below, please indicate how you would rate your experience with seeing or working with any type of
guns:
1
NOT AT
ALL
FAMILIAR

2

3

4
SOMEWHAT
FAMILIAR
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5

6

7
VERY
FAMILIAR

APPENDIX D:
STATE CHEERFULNESS INVENTORY
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STATE CHEERFULNESS INVENTORY
Participant (# ): __________________
Instructions:
The following statements refer to your current mood and mental state. Please try as much as possible to
describe your current feelings and state of mind by marking an X through one of the four alternatives.
Please use the following scale:
(1) strongly disagree
(2) moderately disagree
(3) moderately agree
(4) strongly agree
For example:
I have an even temper. ............................................................................................ (1) (2) (3) (4)
If you strongly agree with this statement, that is, if you have an even temper at this moment, mark an X
through (4) . If you strongly disagree, that is, if you at present do not have an even temper at all, mark an
X through (1).
If you have difficulty answering a question, pick the solution that most applies.
Please answer every question.

1. I feel gloomy. ............................................................................................... (1) (2) (3) (4)
2. I am set for serious things. .......................................................................... (1) (2) (3) (4)
3. I am cheerful. .............................................................................................. (1) (2) (3) (4)
4. I have important things on my mind. ........................................................... (1) (2) (3) (4)
5. I am in a crabby mood. ............................................................................... (1) (2) (3) (4)
6. I am sad. ......................................................................................................(1) (2) (3) (4)
7. I am ready to have some fun. ......................................................................(1) (2) (3) (4)
8. I have a serious mental attitude. .................................................................(1) (2) (3) (4)
9. I could laugh at the drop of a hat................................................................. (1) (2) (3) (4)
10. I am peeved............................................................................................... (1) (2) (3) (4)
11. I'm walking on air....................................................................................... (1) (2) (3) (4)
12. I regard my situation objectively and soberly............................................. (1) (2) (3) (4)
13. I am amused.............................................................................................. (1) (2) (3) (4)
14. I am in a serious frame of mind. ................................................................ (1) (2) (3) (4)
15. I am in a thoughtful mood. ......................................................................... (1) (2) (3) (4)
16. I feel dejected............................................................................................. (1) (2) (3) (4)
17. I am delighted............................................................................................. (1) (2) (3) (4)
18. I feel grouchy.............................................................................................. (1) (2) (3) (4)
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PHOTOMETER MEASURES
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LONGITUDINAL PHOTOMETER MEASURES* & INTRA-COLOR SCHEME
DIFFERENCES

CRT Test Pattern

Photometer Readings
Date

Location
Monitor One

Blue Purple Yellow Lt. Blue
11.80 30.38 86.30
77.82

Monitor Two

11.92

31.46

85.81

75.24

Monitor One

12.47

37.07

86.00

65.98

Monitor Two

12.06

33.40

78.20

74.91

Monitor One

11.33

30.22

86.22

79.24

Monitor Two 11.80 31.81 83.78
*Readings taken with a Minolta Model LT110

76.37

09/30/04

11/9/04

12/7/04
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CIE PSYCHOPHYSICAL DISTANCE

Assessment of color difference (delta) for each schema using CIE color space notation.

Color Schema
Standard

Accordant-High

Accordant-Low

Discordant-High

Discordant-Low

RBG Colors
Orange: 255,165,0
Green: 0,100,0
Blue: 0,0,255
Magenta:255,0,255
Cyan:0,255,255
Yellow:255,255,0
Cyan:0,255.255
Blue:0,0,255
Purple:204,0,255
Blue:0,0,255
Red:255,0,0
Green: 0,100,0
Blood Red: 153,0,0
Magenta: 255,0,255
Gold:255,178,0
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Delta E*uv
155.6
129.0
173.9
276.9
158.4
305.7
140.2
127.8
238.8
273.8
321.4
129.0
116.9
153.9
234.6
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